Abstract-The unprecedented growth in wireless communication is offering opportunities and challenges for educators. Thanks to technology advances and job opportunities, more and more students are interested in wireless communications courses. However, bridging the gap between classroom and real-world experience remains a challenge. Advanced undergraduate communications courses typically focus more on theory. Some courses are given online, and lack hands-on experiments. Driven by feedback from industry and students, we propose practical laboratory experiments that attempt to bridge the gap between classroom and real world. The laboratory exercises take advantage of the infrastructure of deployed wireless networks and allow students to measure, and analyze data, as well as to interact. The proposed labs can be used even in online courses. This paper describes the experiments proposed, the procedures and typical results. The experiments are tied to course objective.
INTRODUCTION
Mobile wireless communications technology has witnessed unprecedented popularity and penetration in the last decade. There are an estimated 6.5 billion mobile users around the world. With the popularity of wireless access comes the demand for higher data rate and ubiquitous access. Equipment manufacturers and service providers have been introducing technologies to keep up with user voice and data demands. A technology that has gained worldwide adoption for wireless broadband access is WiMAX (Wireless Interoperability for Microwave Access [1] ). The technology has been adopted faster in some developing countries to bridge the digital divide and give population internet access. The WiMAX technology has taken advantage of years of advances in research and incorporates the latest technologies and algorithms in its Physical and MAC layers.
The main objective of engineering education is to prepare students to enter the workforce by providing classroom and laboratory knowledge needed to analyze and design complex engineering problems. Recently, a gap is developing in the teaching of wireless communication technology. As the technology advances at an unprecedented rate, most schools are finding hard to keep up with latest technologies in their curriculum and laboratory work. This is due to the rapid pace at which new technologies are introduced, the lack and high-cost of laboratory equipment. Furthermore, some courses are given online and completely lack a hands-on component.
Several educators have taken the responsibility to fill the gap in wireless communications and tie theory to practical realworld problems. In [2] , a project-based approach is proposed using Wi-Fi modules. Spread spectrum wireless laboratory is proposed in [3] . The use of optical wireless (infrared) is presented in [4] . A low cost field programmable gate array (FPGA) is discussed in [5] . Wireless sensors design based course is proposed [6] . Other published work focuses on Radio Frequency (RF) and Microwave [7] , and antennas [8] .
While lab exercises for online courses do exist, these labs are always online, "virtual" labs that simulate certain aspects of practical wireless systems. For example, there are several software systems that model RF propagation, wireless networking, physical layer signal processing, etc. Such software is available through OPNET ® , Matlab ® , etc. Educators generally accept that even though it is desirable, it is not possible to have a hands-on lab as part of an online course; this is considered as one of the major weaknesses of online education.
The objective of this work is to bridge the gap between the academic education and real world by developing an openaccess wireless lab that takes advantage of current deployed wireless and cellular networks and enables students to perform experiments in the field by collecting and observing measurements. The students will be responsible for analyzing the data obtained by their group and interact with other student groups to reinforce theory covered in the course.
This series of experiments is based on a deployed WiMAX network to reinforce theory covered in the classroom including: broadband 4G technology, cellular concepts, cell size, and interference, propagation models, the impact of signal strength, obstacles, and environment on received signal strength, adaptive modulation and dependence on signal strength, data throughput for voice, data and video traffic and dependence on link quality.
The experiments are to be carried out by separate student groups. Note that the results of each group might vary depending on the environment in which the experiments were performed. As a result, the students will be given an opportunity to compare and contrast their results with other groups by uploading their data to a central server. In this way the developed labs foster peer-learning, which we believe is an important pedagogical tool. In the peer-learning process, students learn with and from each other. Indeed, one of the best Hands-On Open Access Broadband Wireless Technology Lab ways to learn and understand something is to explain it to someone else.
The choice of WiMAX as wireless standard for the lab is motivated by several factors:
 WiMAX is a mature technology with world-wide adoption. This is especially true in some developing and rural areas.
 The ability of the technology to provide access with minimal overhead and set up by users.
 Easy access to CPE link parameters through a PC. This enables students to capture information needed to complete experiments.
 The large coverage area of WiMAX cell enables exercising various channels conditions.
 The abundance of literature and textbooks that describe different aspects of the technology enables students and educators to have a thorough understanding of the concepts.
This paper is organized as follows: In section II, we review course objective and coverage. In section III, we describe experiments procedures and typical results. Finally, the conclusion and observations are presented in section III.
II. COURSE COVERAGE AND OBJECTIVES
Wireless courses taught at senior undergraduate level build on fundamentals learned in senior-level communications and data networking courses. Furthermore, the students would have been already exposed to some of the wireless technical terms and themes such as WiMAX, GSM, HSDPA, 4G, broadband, CDMA, etc. The students familiar with these technical terms expect that a wireless course will help them understand cellular concepts and technology. However, it is the case that often textbooks fall behind on real-world advances in this field. With the introduction of WiMAX and LTE in the last decade and the advent of a new generation of wireless technology every 4-5 years, it is not surprising that instructors and students find information in textbooks obsolete.
This section reviews and introduces fundamental concepts that are covered by senior level wireless courses. The next section will tie these concepts with proposed field experiments.
A. Cellular Network Concept
The cellular concept is fundamental in understanding coverage, performance and implementation of a wide area network. The idea behind a cellular network is to divide a coverage area into smaller adjacent, non overlapping areas, called cells. Each cell is served by a transceiver or base station. To increase capacity and reduce power requirements, the overall spectrum allocated for the network is divided in small pieces that can be assigned to each cell. This enables the reuse of the spectrum in adjacent group of cell granted that any carrier frequency is used at farthest cell in the group. The concept of a cellular network is illustrated in Fig. 1 .
Fig. 1: Cellular network diagram
Cellular networks offer higher capacity, reduced power usage, and reduce interference from adjacent users and cells. Most wireless technologies with wide area coverage rely on the cellular concept to serve their users. This is particularly true for WiMAX.
B. Wave propagation and propagation models
Wave propagation and propagation models are fundamental concepts taught in wireless courses. Wave propagation deals with the electromagnetic wave as is it travels between transmitter (base station) and receiver (mobile phone). As the wave travels, it is impacted by the environment. The wave undergoes reflection, diffraction, and scattering. Large scale propagation models attempt to predict average signal power for arbitrary transmitter/receiver separation and environment. These models are critical in planning and deploying a cellular network as they can predict cells performance and coverage for different base station locations. Due to the complexity in predicting received signal strength, propagation models rely on statistical modeling based on field measurements. [9] - [19] .
The models are summarized in Table I . The Free Space (FS) path loss is an analytical model that predicts the strength of the signal received when a clear line of sight path exists between transmitter and receiver. The FS model does not account for multipath propagation and cannot be used for point-multipoint radio link. It is included however include it here as a reference. The Stanford University Interim (SUI) is an empirical model recommended by standardizing committee. The constants a, b and c depend on the terrain and are given in Table II . The model contains frequency and height correction factors. The ECC-33 also known as Hata-Okumura extended model is based on Okumura model and is extended original model to frequencies up to 3.5 GHz. The COST-231 model is an extension to the Hata-Okumura model that has a correction factor for environment. The Hata-Okumura model was developed for 500-1550 MHz. The Cost-231 model extends Okumura-Hata model to frequency range up to 2 GHz. The model calculates path loss for urban, suburban and rural areas. 
C. Throughput and Adaptive Modulation
The WiMAX physical layer is based on orthogonal frequency division multiplexing (OFDM). OFDM is an efficient scheme for high data rate transmission in a non-lineof-sight or multipath radio environment. WiMAX supports a variety of modulation and coding schemes and allows for the scheme to change on a burst-by-burst basis per link, depending on channel conditions. The base station uses the channel quality feedback indicator sent by a user to assess downlink quality. Relevant channel-state information fed back by the users can include: Physical CINR, effective CINR and frequency selective sub-channel selection. On the uplink, the base station estimates channel quality based on the received signal quality. The flexibility of the physical layer of WiMAX enables data rate and performance variation based on the operating parameters. Channel bandwidth, the modulation and coding schemes determine the data rate that can be achieved, in addition to other parameters, such as number of sub channels, OFDM guard time, and oversampling rate. The base station scheduler determines the appropriate data rate (or burst profile) for each burst allocation based on the buffer size, channel conditions at the receiver, and user traffic.
The data rate for various channel bandwidths, modulation and coding schemes is shown in table II [20] .
II. EXPERIMENT SET UP
The design of the experiment is meant to provide flexibility to the students and the instructor. The students can carry the experiments according to their schedule. To obtain the equipments, the department offering the laboratory is encouraged to sign up a memorandum of understanding with service provider. This enables sharing of results and helps answer questions from the network side if needed. Many campuses are often serviced by one or more service providers who will be willing to collaborate on educational projects. The department is expected to sign up for a number of subscriptions for available WiMAX carriers with the understanding that these subscriptions will be used by students to analyze and study the network. During the week of the experiments, the students sign up in groups to borrow the equipments which include: Customer premise equipment (CPE), laptop, and power converter (to power CPE from vehicle outlet). Depending on the chosen coverage area, the student can choose to collect field data using a vehicle. This ensures large coverage area. Most experiments are expected to be completed in 3-4 hours. The instructor of the lab will determine a safe area either on campus or off campus for students to collect measurements. The locations can be assigned by either map marks on a hard print or landmarks on map software. Depending on the coverage area and network service, the experiments might use a separate CPE or universal serial board (usb) dongle to connect to the network. In the case of a CPE, the equipment can utilize a power converter to supply CPE and laptop devices from the vehicle. The connection of the CPE and laptop is depicted in Fig. 2 .
Next, we discuss the procedure and expected results for the objectives laid out in section II:
A.
Lab 1 -Cellular Coverage This experiment studies the cellular coverage. The procedure requires students to collect data about current serving base station using the CPE webpage (available from manufacturer). The webpage displays identification of current serving base station, as well as other parameters related to the connection as shown in Fig. 3 . The students capture both the location and identification over an area that covers several base stations. The students should collect large number of measurements to be able to plot the coverage area of base stations identified. The students can identify cell border by highlighting locations were CPE interchange between two or more stations.
To complement the field measurements, students can use RF planning tools to generate plots of coverage area as shown in Fig. 4 .
The students are expected to contrast and compare the results collecting in the field with those obtained through RF planning tool and explain any differences.
B. Lab 2 -Propagation Models
The objective of this experiment is to make students become familiar with RF propagation. The students will be able to experience signal degradation as distance from transmitter increases. They will also be able to see the variation of signal power in any locality caused by the environment. After collecting the measurements, the students are expected to generate a graph that shows signal power variation with distance as well as various models used to predict the signals. The students will comment on the applicability of various models and closeness of their fitness to collected data. The procedure of the experiment is as follows. The team connects the CPE and laptop to power supply. The CPE will attempt to connect to available network. The student will access the configuration page of the link through a browser by entering the CPE webpage. The page displays Received Signal Strength Indicator (RSSI) in dBm and the current serving base station. The students are expected to complete a table with their location, RSSI, and any information about the environment that might interfere with measurement. For each location, the measurement is repeated three times with slight CPE movement. The experiment is completed once all locations data are collected. The experiments can also be conducted with a slight modification. Rather than pre assigning locations for measurements, students are asked to collect measurements at various distance and locations in a coverage area. The students will utilize the base station information in the configuration page to ensure they remain within a coverage area.
After completing the experiment, the students are expected to generate plots of data collected vs. distance and propagation models. A typical graph will look similar to The students can also calculate path loss based on base station and receiver gain and loss parameters. The equation below is used to generate Fig. 6 . 
Lab 3 -Throughput and Adaptive Modulation
The throughput and adaptive modulation experiment studies the data rate of the link and its dependence on modulation type. As the channel conditions change, the base station changes modulation to minimize bit errors. When the channel condition is favorable, the base station uses efficient modulation such as 64 QAM for transmission. This enable symbols to carry 6 bits of data. As the channel condition deteriorate, the base station switches to more robust modulation such as BPSK which only carries 1 bit per symbol. The base station uses signal power to assess the channel quality. The variation in signal power can be achieved by considering locations obtained in experiment 2.
The set up for the experiment is show in Fig. 7 . A free software utility (iPerf ® ) is installed on the server and client sides. The tool supports TCP (Transmission Control Protocol) and UDP (User Datagram Protocol) traffic. To measure downlink throughput, iPerf ® is run as a client on the laptop and as a server on the server machine. The uplink is measured similarly, however, the client is run on the data server and the laptop is run as server. After iPerf ® is run, the tool generates the achievable data rate. The experiment is repeated for different RSSI and results are tabulated. The plot in Fig. 8 shows typical results. In addition to measuring throughput, students are asked to take note of the modulation used as signal strength changes. The plot in Fig. 9 shows the different modulations used by base station as signal to noise ration changes. 
III. CONCLUSION
This paper presented a hands-on low cost wireless communications laboratory based upon deployed broadband wireless network. The experiments are based on several senior projects that studied and analyzed the network performance.
The laboratory allows students to conduct experiments based on real world deployed network. This fosters knowledge of the technology and enables students to contrast and compare theoretical and practical aspects of a wireless network.
Furthermore, the developed lab exercises foster peerlearning as a pedagogical approach. In the future we plan to assess this peer-learning process. In particular, it needs to be investigated is whether peer learning actually occurred, and whether it was effective.
